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Historical Shi-Fts in tH« Use of AnAlogy 

in Scisncc 

Analogy it nidtly contidtrtd to bt an iaportant atchanita of icitntific 
thinking and a tourct of crtativt insight in thtory dtvtlopatit (t.g.i 
Tuttnty, thit voluat). No Ittt an authority than Johanntt Ktpltr ttattdt "And 
I chtrith acrt than anything tht Analogitt, ay aott truttnorthy aasttrt. They 
knoM all tht ttcrttt of Naturti and thty ought to be least neglected in 
Seoaetry (quoted in Polya, 1954, p. 12)." In addition to its uses in 
scientific discovery, analogy functions as part of the workaday tool kit of 
science. In instruction, novices are told to think of electricity as analogous 
to water or of addition as analogous to piling up blocks, and in problea- 
solving analogy is a standard tool aaong both experts and novices (e.g., 
Cltaent, 19B1| Collins k Sentner, 1987; Bentner It Sentner, 1983| Van Lehn & 
Broun, 19B0). 

Analogy is also used in everyday reasoning, at Mhen the stock aarket is said 
to 'cliab to dizzying heights" or nhen ther? is said to be « "balance of 
trade* (See Lakoff It Johnson, 1980). Yet fOi all its usefulness, analogy is 
never foraally taught to us. Ne seea to think of analogy as a natural huaan 
skill, and of the practice of analogy in science as a straightf cmard 
extension of its use in coaaon*sense reasoning. For exaaple, Hilliaa Jaaes 
believed that "aen, taken historically, reason by analogy long !!efore they 
have learned to reason by abstract characters (Jaaes, 1890, v. II, p. 363)." 
All this points an appealing intuitions that a facility for analogical 
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rtasoning it in innate part of huian cognition, and that the concept of a 
tound analogy it univertal. 



In thit paper ne quettion thit intuition. Me begin by discussing a fraaeMork 
for analogical reasoning. Me then pretent exaaples of scientific uses of 
analogy irom three tiae periodtt working backwards froa Sadi Carnot 
(1796-1632) to Robert Boyle (U27-1691) and finally to teveral alcheaittt 
active before 1550. > Bated on thete exaaples, ne contrast the style of 
analogizing practiced by scientists at different points in history. He 
believe thert are significant differences in the style of thinkingi in what 
M^s felt to constitute rigor, in nhat nas accepted as sound arguaents and 
conclusions in short, in nhat has been taken to be the scientific use of 
analogical reasoning. This raises questions as to whether the standards of 
analogical rigor are universal and innate or whether they are instead 
culturally and historically defined. 

Before we present our historical analyses, we need to ftake explicit the 
constraints that govern analogical reasoning as it is practiced today. Me will 
then be in a position to coapare the uses of analogy across history. 

A FrAinswork -for I n t: « r p r « i n g And 
EvAlu^fbing Analogy 

Analogy can be viewed as a kind of sieilarity, but not all similarity i% 
analogy. Indeed, analogy gains auch of its power froa the selectivity of the 

1. We originally intended to use models oi hc^t as a uri^ving thcfue, and 
inijeea the passages ^rom Boyle ind Carnot arc both concerned m part with 
the nature oi hest. However, wc were not succtss^^l in binding alchcwicai 
passages dealing e>:tensivel> with heat, and sc the alchemical passages 
considered here cover a range c4 phenomena. 



coMonalitits it tuggttti. Hhtn procttsing in anilogy, people focus on 
ctrtain kinds of couonalities and ignore others. For exaepUt ieagxne a 
bright ctudtnt reading the analogy "A cell is like a factory. It is unlikely 
that he Mould decide that cells are aade of brick and steel and have 
saokeitacks. Instead he nould probably realize that, like a factory, a cell 
auit take in available resources to keep itself operating and to generate its 
products. This focus on abstract coanonalities is what aakes analogy so 
illuminating. In the next section ne present a May of clarifying this 
intuition* 

S tructure-aaoping and ideal an alogical coapetence . The theoretical fraaework 
for this rtsearch is the structure-oapping theory of analogy (Gentner, 1980, 
1983; 1987a, b). This theory eias to describe the iaplicit constraints that 
characterize aodern analogical aesthetics. The basic intuition is that an 
analogy is a aapping of knowledge froa one doaain (the base) into another (the 
target) nhich conveys that a systea of relations that holds aaong the base 
objects also holds aaong the target objects. Thus an analogy is a nay of 
noticing rtlational coaaonalties independently of the objects in Mhich those 
relations are tabedded. In interpreting an analogy, people seek to put the 
objects of the base in 1-to-l correspondence nith the objects of the target so 
as to obtain aaxiaue structural aatch. The corresponding objects in the base 
and target do not haw to reseable each other at all; object correspondences 
are deterained by roles in the aa.ching relational structures. Central to the 
aapping process is ths principle of systeaatici ty: in selecting aaong possible 
aatching relations, people prefer interconnected systeas — that is, they 
prefer sets of predicates linked by higher-order relations such as CAUSE or 
IHPLIES, rather than isolated predicates. The systeaaticity prin^^iple is a 



ttructural txprtttion of our tacit prtfertnce ior cohtrenct and dtductivt 
pOMtr in inttrprtting analogy. 

Betidtt analogy, other kinds of liailarity aatches can be distinguished in 
this fraaenork, according to whether the aatch is one of relational structure, 
ubject descriptions, or both. Recall that analogies discard object 
descriptions and tap relational structure, ffere-appearatce Batches are the 
opposite: they aap aspects of object descriptions and discard relational 
structure. Littr^l sitil^rity aatches aap both relational structure and 
object**descriptions. 

As an exaaple, consider the Rutherford analogy between the solar &ystea and 
the hydrogen atoa. laagine a person hearing it for the first tiae. (Assuae 
soae prior knowledge about the solar systea. ) The person aust^ 

- set up the object correspondences between the two doaains: sun 
nucleus and planet **> electron. 

* discard object attributes, such as YELLOH (sun) 

- aap base reflations such as HORE HASSIVE THAN (sun, planet) to the 
corresponding objects in the target doaain 

- observe systcaaticity: i.e., seek a systea of interconnected relations 
such as HORE HASSIVE THAN (sun, planet) and REVOLVES-AROUNO (planet, 
sun) that are linked by higher-order constraining relations, such as 
CAUSE, such that the whole systea can apply in the target as well as the 

2. The order shown here should net be taken the c>rdcr :i prscessmg; in 
^ect. selecting the abject ccr respordcnccs ma/ cft3n be the Ust step 
iF:-.l i.enhainer , Fcrbus ! Gcntncr, l?Sfc'. 
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baiit. Herti tht dtepett pottntially coaaon tystsa of relations at 
Itatt in 1906 it tht ctntral-^f orct tytttt: 

CAUSE {AND [ATTRACTS 
(sun, plantt)], [HORE-HASSIVE-THAN (tun, planet)], REVOLVE-AROUND 

(plantt, tun)}. 

- discard itolattd rtlationt, tuch at HOTTER THAN (tun, planet). 

Sytttaaticity . Ctntral to our underttanding about analogy is that it conveys a 
systea of connected knowledge, not a aere assortaent of independent facts. 
The systeaaticity principle is includtd to foraalite this tacit preference for 
coharenct and deductive poner in analogy. The systeaaticity principle states 
that in analogy there is an iaplicit selection rule to seek a coaaon systea of 
relations (i.e., a systea froa tht base that can also apply in the target). 
That is, aaong the possible coaaonalities betneen base and target. Me seek to 
find an interconnecttd predicate structure in nhich higher-order predicates 
tnforce constraints aaong loner-order predicatts.' A predicate that belongs to 
such a systea is aore likely to be included in the analogy than is an isolated 
predicate. By proaoting deep relational chains, the systeaaticity principle 
operates to proaote predicates that participate in causal chaiiis and other 
constraining relations. ^ 

3. The urrfer a relation is dcterained bv the order of its arg-jfljcnts. A 
first-order relation is one that takes objects z% its argurnents. A second- 
order rslation h£S at least one first^order relation amonQ its erguments. 
An nth order relation has at least one (n-Dth order argument. 

4. Eystcmaticity is operation£li:ed in the cseputer simulation oi structure- 
mapping as follows: any (natch between two relations in base and target 
e.g. M3RE MASSIVE THAN (sun, planet) and MORE MASEI'.'E "^HAN (nucleus, 
electron/ is given a higher evaluation if the parent relaticns :.e. the 
relations iin<ncdiatel\ doflnnating them also fi^zizt (Fal kenhai ner , Forb.s !- 
Eentner, 1?36; Gjrtrer, m press), 



Tht ftructurt-Mpping principlM have rtctivtd convirgtnt thtortticil lupport 
in artificial inttUiginct and psychology, at nell at in other artat of 
cognitivt tcitnct (Burtttin, 19B3; Hftte, 1966} Hofstadter, 1981; Rted, 1987; 
RuMlhart k Noraan, 1981; Kintton, 1980, 1982)- Thtre it nidetpread agrtMent 
on tht batic tltatntt of one-^to-ont aappingt of objtctt Mith carryover of 
prtdicattt. Further , aany of thttt rtttarchtrt utt toit vtrtion of tht 
tytttaaticity principlt at thtir ttltction principlt. Thtrt it alto tapirical 
tupport for tht ptychological prtdictiont of ttructure^aapping theory 
(Bentner, 1986; Sentner k 8entner, 1983; 8entner It Landert, 1983; 8entner k 
T^upin, 1986; Reed, 1987; Schueacher k 8entner, in prett). In particular, 
there it evidence to tuggett that adultt do indeed obterve the aetthetic rulet 
of rigor that ttructure"*aapping tuggettt: that it, that they focut on thared 
tytteaatic relational ttructure in interpreting analogy. Firtt, adultt tend to 
include relatione and oait attributet in their interpretationt of analogy; and 
tecond, adultt judge analogiet at tore apt and aore tound if they there 
tyttttaatic relational ttructure (6entner, 1986; in prett; Sentner It Landert, 
198S| Sentner k Ratteraann, in preparation). 

The r ulet al analogic al rigor.. Bated on the foregoing ditcuttion, ne propote a 
tet of five iaplicit rulet that aodern tcientittt ute in analogical reatoning. 
The firtt three rulet, bated directly on ttructure*aapping , state conttraintf 
internal to a particular interpretation; the latt tNO rules ttate external 
conttraintts 

1. Objectt are placed in contittent one-to-one correspondence. That is, a 
given object in one doaain cannot have aore than one counterpart in the 
analogous doaain. Naltiple aappings diainish the clarity of the eatch. 
He Mill refer to violations of this principle as n-l/l-n tappings. 
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2» Attributtt art diicirdtd, nhilt rtlitiont ire preserved. The focus oi 
the anilogy is on eatching systeas of relations, not objects and their 
surface attributes. We do not care Nhether, for exaaple, the nucleus 
reseables the sun as an object, only whether it participates in the S£ee 
systea of relations. 

3. The systeaaticity principle is used to select the aost ir.foraative 
coaaon relational netnork. Loner^order relations that are not contained 
Nithin such a network are discarded. Thus, in the Rutherford analogy, 
the loder-ordtr relation HOTTER*THAN Csun, planet] is not part of the 
analogy because, although it participates in a systeaatic relational 
structure in the base (that of heat transfer), that systea is not shared 
Nith the target. 

4. Betneen-doaain relations do not strengthen the analogy. Only 
coaaonalities iaprove the aatchj additional associations betneen the tuo 
doaains are irrelevant to the soundness of the aatch. For exaaple, in 
the analogy between the solar systea and the atoa, it does not aake the 
analogy aore sound to observe that the solar systea is lade up of atoas. 

5. Nixed analogies are avoided. An analogy that builds a relational 
network in the target doaain by selecting isolated relations froa 
several base doaains is not considered sound. The relational network to 
be aapped should be entirely contained within one base doaain. 

In discussing this last 'no aixed analogies' rule we aust distinguish aixed 
analogies froii allowable cases of aultiple analogiffs (Burstein, 1983; Collins 
k Gentner, 1987; Spiro, Feltovich, Coulson It Anderson, in press). In soae 
cases, several parallel base analogs are used to aake the saae point 
concerning the target doaain. Here, although several analogies eabody the sane 
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abttractioni tach aapping ttandt on its oun indtptndtntly of thir others (Stt 
tht ditcuttion of Boyle's inalogies, belOM.) Another allonable case is that in 
Mhich the target can be partitioned into separate subsysteas, each with a 
different base analog. A third allonable case of Multiple analogies is that 
in Mhich the analogies are alternatives, each used to illuainate a different 
aspect of the target (e.g. electricity as flowing water or as crouds of aoving 
particles CSentner t Sentner, 1963] or variables viewed as containers or as 
unknowns ISurstein, 1983]) • It does not entail a loss of rigor if different 
analogies are each used separately and consistently. However, when different 
analogies are aerged there is often a loss of precision, since the various 
analogs aay suggest different object correspondences. A reasoner who shifts 
aaong analogies without establishing fira rules of intersection risks a lack 
of clarity in hie or her conclusion. Thus, while Multiple analogies for the 
saae doaain are soaetiaes perfectly rigorous, eixed analogies violate the 
conaentual rules of srund thinking and are vulnerable to challenge. 

Finally, analogy between doaains is a separate issue froa causation between 
doaaina. Although analogy can be ueed to infer that identical causal 
relations exist tiithin one doaain as within the other, it cannot be used to 
infer causation betweeft the base and target doaains; nor does evidence of a 
causal relation between the doaains strengthen an analogy." 

Table 1 suaaarizes these rules of soundness. Note that, although the rules 
concern only the soundness evaluation, they are intiaately related to the 

5. A£ with the other precepts, there arc occasional violations of this ffisMm: 
for example, in a survey of the analogies used to e:;plain cjcnition in the 
history o-f psvcholcQv, Scntncr I Grudin (1985) found that ccrt£^.:n brain- 
based analogies 'such as "concepts as reverberating circuits") seemed to 
tsl,e on e>:trs authority because of the known C2usal connection between 
brain and cognition. 




Table I. 

Constraints on Analogical Reasoning. 



1. Consistency . Objects from base and target are placed in one-to one 
correspondence. An object has at «ost one counterpart In the analogous 
domain. 

2. Relational focus . Relational systems are preserved and object 
descriptions disregarded. Object correspondences are determined not by 
Intrinsic resemblances between the objects but by whether the objects 
partlclpati^ In Identical systems of relations. 

3. Svstematlclty . In selecting among several common relations, cowwn 
systems of relations are preferred: lower-order relations governed by a 
higher-order relation are more likely to be Included In the 
interpretation of an analogy than are Isolated lower-order relations. 

4. Between-domain relations do not strengthen an analogy . Additional 
connections between the base and target domain do not Increase the 
soundness of a match. 

5. Mixed analogies are avoided . The relational network to be mapped 
should be entirely contained within one base domain; It Is considered 
unsound to combine relations from several base domains. 

6. Analogy Is not causation . An analogical resemblance between two 
situations Is not evidence that one of them causes the other. 



o 
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procttt of taking ntn inference!. At itntionfd abovet new inferenctt art 
typically oadt by a procttt of systit^cotpUtion after soae dtgrte of aatch 
hat bttn tttablithtd. The oott typical kind of Cindidats inference occurs when 
a predicate it found tuch that (1) it exittt in the bate but not in the 
targtti (2) it btlongt to a tytteo of predicattt in the bate and (3) other 
prtdicattt in itt tyttte have aatching predicattt in the target. Then the 
prtdicatt it pottulattd to txitt in tht targtt at Mtll. That it, the partially 
•atching tytttt it cotpltttd in tht targtt. 

Tht fivt rultt do not tell ut Nhtthtr tht analogy it factually true; rather, 
thty ttU ut only nhtthtr it it tound. Verifying tht factual validity of an 
analogy it a ttparatt procttt. Soundnttt rultt art tnortoutly helpful in thit 
procttti hONtvtri btcautt thty ttU ut what tutt be true in order for the 
analogy to be valid. In a rigorout tyttto of tatchet, even one tignificant 
ditconf irtation can invalidate a nholt analogy. Thut toundnttt and validity go 
hand in hand in titplifying tht tcitntitt't tatk. 

In todtrn cognitivt attthetict, tht toundnttt of an analogy rettt tolely on 
tht tytttratic ttructural tatch between the two dotaint. Siven thete modern 
rultt of analogical rigor, wt now turn to the quettion of whether tcientistt 
have alwayt adhered to thttt principltt. He begin with Carnot, the oott recent 
txatplt, and progrttt in rtvtrtt chronological order. 



Hiflitor-icAl Umtt» of Analogy 

Sadi Carnot. Tht Frtnch tcitntitt Sadi Carnot (1796-1832) wat one of the 
pioneert of aodern thertodynaaict. He dttcribed the Carnot cycle for heat 
enginet that it ttill taught at an ideal tnergy convertion tyttti, and he laid 
the foundation for the later ditcovery rf tht equivalence of heat and work. 

- 9 - 14 



In hit trMtiif on heati Ctrnot prtitnttd i powtrful tnalogy bttMttn httt «nd 
Mftttr that cUrifitd hit position and gtntrated nen quettioni. His use of 
analogy it prototypical of tht rrltt of rigor described above, and can stand 
at an exaaple of the aodern use of analogy. 

Before explaining Carnot't analogy, ne present a short sueaary of his Mork« 
In 1824^ Carnot published HffUxions sur ia puissinc9 %otriC9 du feu 
(Reflections on the Hotive Power of Fire). In this book, he describes the 
functioning of a hypothetical engine nhich can convert heat energy to MOrk. 
This engine consists of a cylinder filled with gas and fitted nith a 
frictionless piston nhith can aove freely inside the cylinder. During a four- 
stage cycle, the gas inside is expanded by contact Mith a heat source 
(isothemal expansion) and alloned to continue dilation after the source is 
reeoved (adiabatic expansion). The gas is then coepressed by transaission of 
heat to a colder body (isothereal coapression) , and the volute further 
decreases after reaoval of the cold body (adiabatic coapression) , restoring 
the original conditions of the systea. During this period, the engine has 
absorbed a certain aaount of heat and converted it to aechanical Mork through 
the aovtaent of the piston. The operation sf this ideal engine becaae knonn 
as the Carnot cycle, and Mas one of the aost iaportant theoretical 
contributions to the early developaent of theraodynaaics. 

Early in his /ttf it jrzo&5, Carnot introduces the analogy betneen nat^r falling 
through a naterfall and caloric (heat) falling through a heat engine. The 
basic nation of an analogy betneen heat and fluid Mas not neM. Indeed, the 
doainant theory of heat ^at the tiae Mas the caloric theory,* Mhich defined 

The Ciilcri: thcar, was widclN scceptcd until Jcule and other experi (Rente' e 
dsiRonstrated the i nterconver tab: 1 1 tv zi heat and wcrk in the I840's 
•Wilson, l?2i:. Csrnot's reliance on the C8l:ric theory did not invalidate 



htat as a utightlttt fluid that shared certain properties of ordinary latter. 
Likt other aatttr, caUric Has a conserved quantity, incapable of being 
created or destroyed. Thus the idea of sooe coeionality between heat and 
nater uas not nen Nith Carnoti since both are instantiations of the coaeon 
abstraction that both are fluids* What uas nen Mas the thoroughness of his 
developeent of the analogy thft extent to nhich explicit causal structures 
froe the uater doaain nere applied in the heat doeain. 



Carnot uses the analogy to set forth the principles of a heat engine, and then 

derives further insights about the aotive poner of a heat engine by analyzing 

the systea of relations in the nater engine.^ 

fiJ According to estabiished principles at the present tiae, Me 
can coapare nith sufficient accuracy the aotive pouer of heat to 
that of a waterfall. Each has a aaxiaua that ne cannot exceed, 
nhatever aay be, on the one hand, the aachine nhich is acted upon 
by the Mater, and whatever, on the other hand, the substance acted 
upon by the heat. 

[23 The aotive pOMer of a Materfall depends on its height and on 
the quantity of the liquid; the aotive pOMer of heat depends also 
on the quantity of caloric used, and on Mhat aay be teraed, on 
Mhat in fact mo Mill call, the hiight of its fdll, that is to say, 
the difference of teaperature of the bodies betMeen the higher and 
loMer reservoirs. 

Hi In the waterfall the aotive pOMer is exactly proportional to 
the difference uf level betMeen the higher and loMer reservoirs. 
In the fall of caloric the aotive poMOr undoubtedly increases with 
the difference of teaperature betMeen the Mara and the cold 
bodies; but Me do not knoM Mhether it is proportional to this 
difference. He do not knoM, for exaaple, whether the fall of 
caloric froa 100 to 50 degrees furnishes aore or less aotive pOMer 



his basic conclusions rpgarding the cycle, although some l£ter stat&(nent& 
in Refusions are unsound when viewed from the perspective of the 
ADChanical theory oi heat (Fox, 1971). 

7. Ssfre researchers have suggested that Carnot 's theories were strongly 
influenced by the won- of engineers of his era, and that hiz fcooi was 
intended to advance engineering technology (Kuhn, 1959; Cardwell, 1955; 
Fdj'., 1?71> and popularize the use of heat power (Wilson, 19B1). This 
purpose would e.^:plain Garnet's need for the analogy as an explanatory 
device. 
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thin tht fill of thit tiie Ciloric froa SO to zero. It it i 
qutttion nhich Mt propoti to ixiiine heriifttr. (Cirnot, 1977| p. 
IS.) [Notffi nuabert ind pirigriph breikt ire inserted for 
convenience; the originil piiiige it continuous.] 

In section CtJ, Cirnot introduces the inilogy between the active power of heit 
ind the aotive power of Niter end estiblishes i siaple, yet iaportint 
pirillels just is the iaount of power produced by i given fill of Miter is 
liaitedi the power ittiinible froe i certiin trinsfer of heit is liaited. 
This section est#iblishes i set of correspondences between the eleaents of the 
heit systea end the eleaents of the witer systea, is shown in Figures 1 end 2. 

In section C2J Cirnot explicites the inilogy aore explicitly by coapiring the 

difference in teaperiture between two bodies to the height of the fill in t 

witerfill.* This correspondence between difference in teaperiture of two 

bodies end difference in levels of two reservoirs is cruciil to the inilogy. 

Cirnot uses this correspondence in i proposed higher-order relition: he 

isserts thiti in eich Cise, the power produced by the systea depends on both 

the iaount of the substince (witer or cilcric) thit "fills" ind the distince 

of the "drop" between levels: 

DEPENDS-ON {POWER (high, low), 

AND [DIFFERENCE (level<high>, leveKlow))], 

[iaount<ttiter>]} 



DEPENDS-ON (PONER (hot, cold), 

AND (DIFFERENCE (teaperiture<hot>, teaperiture<cold>} ], 
[iaount<heit>]} 



This coabinition of inferences the fict thit power depends on both the 
difference in level end the iaount of "substince" involved — solidifies the 



6. Although Carnot reicrz t3 a water^sll, his discuisiDn (uay have been base:^ 
not merelv on i;atcrfalls, but on some I ind water engine, such as a water 
wheel 0'' a coluff.n*o{ -water engine (Cardwcll, 1^£5), 
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Fi_jure b Carnot's analogy! The coMon relational structure *or water and 




high tow 




result ovent 




Fiourt 2. Propositions dirivable fro» Carnot's Nater/heat analCQy. 



1. 
2. 
3. 
4. 



• water: 

• heat: 

• water: 

• heat: 

• water: 

• heat: 

• water: 

• heat: 

• water: 

• heat: 

• water: 

• heat: 

• water: 

• heat: 



8. • water: 

• heat: 

9. • water: 

• heat: 



6. 



10. 



11. 



• water: 

• heat: 

• water: 

• heat: 



DIFFERENCE (Ievel<h>, level<l>) 
DIFFERENCE (temp<h>, temp<l>) 

FLOW (h.l) 
FLOW (h.l) 

POWER (h.l) 
POWER (h.l) 

MAX POWER (h.l) 
MAX POWER (h.l) 

a Q [POWER (h.l). DIFFERENCE (level<h>, level<l>)] 
a Q [POWER (h.l), DIFFERENCE {temp<h>, temp<l>)] 

a Q [POWER (h.l), amt<h>] 
a Q [POWER (h.l), amt<h>] 

AND { Cq [POWER (h,!), DIFFERENCE {level<h>,level<l>)]. 

Cq [POWER (h.l), amt<n>]J 
AND { Qq [POWER (h.l). DIFFERENCE {temp<h>, temp<l>)], 

<Xq [POWER {h,l),amt<h>]} 

CAUSE [DIFFERENCE {level<h>, level<l>), FLOW (h.l)] 
CAUSE [DIFFERENCE {temp<h>, temp<l>). FLOW (h.l)] 

aQ[FLOW (h.l). DIFFERENCE (level<h>, level<l>)] 
Cq [FLOW (h,l), DIFFERENCE (temp<h>, temp<l>)l • 

CAUSE [DIFFERENCE (level<h>, level<l>). POWER (h.l)] 
CAUSE [DIFFERENCE (temp<h>, temp<l>), POWER (h.l)] 

CAUSE [FLOW (h.l). POWER (h.l)] 
CAUSE [FLOW (h.l). POWER (h.l)] 
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analogy bttnttn tht tuo tngintt. Figurt 1 thOMS the coaaon relational 
structure that holdi for nater and heat; Figure 2 (beloni sets forth the 
predicates in the nater doaain that belong to the analogy. 

Section [23 of the paragraph deaonstrates the use of analogy in suggesting nen 
hypotheses. Carnot notes a higher-order relation in the doaain of water power 
(the fact that the power produced by a given fall of water is directly 
proportional to the difference between levels). He then questions whether the 
saae relation exists for heat engines; that is, does the power produced by a 
given "fall* of caloric reaain constant, regardless of the teaperature at 
which that fall takes place? This illustrates how analogy can lead to new 
research hypotheses.^ 

Carnot's description and application of his analogy aeets the five rules of 
rigorous analogical reasoning given in Table 1. Carnot pairs the objects in 
the two doaains in one-*to-one correspondence based on relational aatches. He 
disregards attribute aatchest he is not concerned with whether corresponding 
coaponents share surface qualities. Rather, he focuses on coaaon systeaatic 
relational structure. He seeks to explicate the higher*order dependencies 
coaaon to the two doaains and to analyze the iaplications of these relational 
coaaonalities. Between*doaain relations, such as "water contains heat", are 
avoidedf and there is no suggestion of a aixed analogy. It is evident that 
the analogy was useful in revealing unresolved areas for further research. In 
short, Carnot's use of analogy is indistinguishable froa the aodern scientific 
use of analogy. 

9. Carnot £ sciution to this question Ma& sHcctcd l\ hic -cliencc cr^ the 
qu95t:cnjitlo data of other scientists. For a dc-tailed discussion see Fa? 
(19''l). For our purposes, however, the snswer iz the question is not as 
important as the izzi that the quostior arises ^^-^ff. the analogy. 
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RAb.8.Ct Itklll* Ht noM tovf back anothfr 130 yearf to the English scientist 
Robtrt Boyle (1627-1691). Boyle is considered by tany to be the father of 
•odtrn cheeistry. He nas one of the first exper ieenters to disaiss the 
Midespread practice of attributing huaan qualities such as "love" and "hate" 
to inaniaate aatter. He was distinguished by an analytical approach to the 
study of nature and a lively skepticisa concerning the work of prior 
authorities. Probably his aost influential work was entitled the Scepticai 
Cbywisti appearing anonyaously in 1661 and again in 1679 with additions, it 
"did tore than any other work of the century to arouse a truly critical spirit 
of scientific logic in cheaical thinking (Stillaan, 1960r P- 395)." Aaong his 
accc^plishaents were a crHicisa of the vien that aatter is coaposed of three 
or four principles and proposal of a aore eapirical route to discovering the 
nuaber of eleatntSi a clarification of the account of acids and alkalies, and 
contributions to the understanding of the physics of gases. Boyle nas a 
prolific Mriter, interested in philosophy and religion as nell as the 
sciences, and he urote for the layaan as well as for the scientist. He nas 
also a prolific analogizer. He often put forth several exaaples or analogies 
for each principle he wanted to prove. These analogies Mere effective both as 
coaaunication devices and as aodels for reasoning. 

A characteristic exaaple of Boyle's use of analogy occurs in his book Of thf 
9reat effects of ereii Unguid and unheeded iocai notion, published in 1690. 
His purpose in this book nas to deaonstrate the iaportance of "local aotion," 
the aotions of aany tiny particles. Boyle nanted to establish that the 
coabined effects of the aotion of aany tiny particles — each invisible and 
insignificant in itse!f can cause large-scale changes. He san such effects 
as a unifying principle across doaains such as light, sound, fire, and fluids. 
Although soae of his points noN seea to need no defense, this nas not the #ase 
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in hit tiatf and ht cltarly felt t)it nted to present aiplc evidtnct for this 
conjtcturt. Ht cittt txatpltt frot ont dotain afttr another to support hit 
claitt. 



Boyle's exatpltt apptar to function in two ways. First, they strve as 

inttanctt of local totion and itt tff tcts-'-i.t. , as instances of a principle 

that can be effectively applied to ttvtral dotains. The tore nuterout and 

varied the instances, the tore faith we can presutably have in the principle. 

Second, the exatplts strvt as analogits that can be cotpartd to ont anothtr to 

yitld cotton structural abstractions. By cotparing separate instances of 

local totion, Boylt ltd his reader to focus on the c^otton causal systet. The 

following excerpt illustrates his style of analogizing: 

(Chap* IV) Observat. III. Htn undtr^^lut th§ Botions of bodits 
too itaii to bo fisiblo or sonsiblOf not$iithstitp4ing their 
Nuttrousntss, nhich inoblos tboo to act in Swans. 



CtJ CBoylt grants that tost ttn think of stall particlts as likt grains of 

dust, which, although invisiblt, cannot ptnttrate the bodies they fall upon. 

As a result, these grains cannot affect the larger bodier*.] 

But we tay havt othtr thoughts, if wt wtll consider « that the 
Corpuscles we speak of, are, by their tinuteness, assisted, and 
oftentitts by thtir figurt inabltd, to pierce into the iJinertost 
rtctstts of tht body thty invadt, and distributt thststlvts to 
all, or at Itast to tultitudts of tht tinutt parts, whtriof that 
body consists. For this bting granttd, though we suppose each 
single offlu¥iuo or particle to be very tinutt; yet, since we tay 
suppott, tvtn solid bodits to be tade up of particles that are so 
too, and the nutbtr of invading particlts to be not tuch inferior 
to that of the invaded ones, or at least to bs exceedingly great, 
it not need seet incredible, that a tultitude of little Corpuscles 
in totion (whost totion, tay, for ought wt know, be very swift) 
should be ablj to have a considerable operation upon particles 
either quiescent, or that have a totion too slow to bt percepcible 
by sense. Nhich tay ptrhaps be the better conceived by the help 
of this gross exatplt; 

[21 fjraipie of the anthill 

If you turr an Ant-hill well stocked with Ants-eggs, upside down, 

you tay sotetitts stt such a heap of eggs tingled with the loose 

earth, as a few of those Insects, if they were yoaked together. 
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Nould not bt ablt at oncf to dran after thto; but if good nuobers 
of thto ditptrtf thtotflves and range up and doun, and each lay 
hold of htr onn tggti and hurry it anay, 'tis sooeMhat surprizing 
to set (as I havt nith pleasure done) hou quickly the heap of eggs 
Mill bt displaced, Mhfn aloost every little egge has one of those 
little Insects to deal nith it. 

C33 Bxinpli of ffind id tras 

And in those casts, nhtrtin tht invading fluid does not quite 
disjoin and carry off any grtat nutbtr of the parts of the body it 
invades, its optration tay bt illustrattd by that of tht Mind upon 
a trtt in itutuaai for, it finds or saktf it stlf tultitudts of 
passagts, for tht tost part crooktdf not ontly bttNttn tht 
branchts and tuigs, but tht Itavts and fruits, and in it% passing 
frot tht ont sidt to tht othtr of tht trtt, it dots not ontly 
variously btnd tht tort fltiiblt boughs and tuigs, and ptrhaps 
NAkt thtt gratt upon ont anothtr, but it brtaks off sott of tht 
stalks of tht fruit, and takts thtt fall to tht ground, and 
uithall carrits off divtrs.of tht Itavts, that grtN the least 
firtly on, and in its passage dots by its difftring ict upon a 
■ultitudt of Itavts all at onct, and variously alttrs thtir 
situation. 

C43 fjraapif of sug^r aati aiber dissol¥i9g Cotitttd htrtl. 
f5J Exaapit of aercury coapouad dissolving [otitttd htrtl. 
[63 fjraapif of fiaae iaradiag aetai 

But to givt instancts in Fluid bodits, (Nhich I suppost you uill 
think far tht tort difficult part of ty task,) though you uill 
tasily grant, that tht flatt of Spirit of Mint, that uill burn all 
anay, is but a visiblt aggrtgatt of such Effluvia swiftly 
agitattd, as uithout any stnsiblt Htat nould of thttstlvts 
invisibly txhalt auay; ytt, if you bt pltastd to hold tht bladt of 
a knift, or a thin platt of Copptr» but for a vary ftN tinutts, in 
tht flatt of purt Spirit of wint, you uill quickly bt ablt to 
disctrn by tht grtat Htat, that is, tht various and vthtttnt 
agitation of tht tinutt Corpusclts of tht total, Mhat a nutbtr of 
thtt tust havt bttn fitrctly agitattd by tht ptrvasion of the 
igneous particlts, if ut suppost, (what is highly probablt,) that 
thty did tattrially ptnttratt into tht inntrtost parts of tht 
tttal; and uhtthtr ut suppost this or no, it uill, by our 
tsptrittnt, apptar, that so fluid and yitlding a body, as tht 
flatt of Spirit of uint, is ablt, altost in a trict, to act vary 
poNtrfully upon tht hardtst tttalls. 

[73 fxaapit of §nin§l spirits moving aaiaais [otitttd htrel. 
[83 ExMpli of ropt contracting froa humidity [otitted here]. 
(Boyle, 1690, pp. 27-35) 
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Boylt btgint by noting that Uyotn oay find it itpUusiblt that local aotion 
could havt Urgt-tcalt tfftcti. Layotn, ht obttrvtt, coniidtr fuch ootion 
tioilar to tht intfftctual ootion of dust in air. By analogy with dust, if 
particltf art vtry toall, then although they can be ooved easily, their 
■oveaenti are inconiequential . This, he says, is because they do not penetrate 
other bodies and therefore cannot affect those bodies. Having laid out the 
ftarting intuition — that local ootion is ineffective ~ Boyle then defends 
the opposite position by differentiating the analogy further. He suggests 
that there are sooe kinds of particles involved in local ootion that are so 
ssall that, unlike dust particles, they cao diffuse through solid objects, 
and that it is this penetration that alloMS thes to create large effects. He 
then proceeds to present instances of this kind of local ootion. 

The first positive instance IC2J considered by Boyle is characteristic cf true 
analogy. He cospares the ability of soall particles to oove large oasses to 
that of snts to sove their eggs. Although ants are ssaller than their eggs, 
the ability of each ant to oove one egg oeans (given appropriate relative 
nuobers of ants and eggs) that the entire oass of eggs can be displaced by the 
ants. Thii exeoplifies the principle that a large oass can be ooved by the 
actions of oany soall particles. The juxtaposition of disparate exaoples 
oakes it obvious that the relevant coooonallties here are the relations 
betNten the objects, as shonn in Figure 3; characteristics of objects are 
discarded. Boyle uses the anthill analogy as a rigorous struct';re-oapping. He 
does not suggest that the corpuscles involved in local ootion are like ants in 
any nay; for exaople, he does not suggest that they are living organises nor 
that they possess any instinctive notions. Nor does Boyle ioply that particles 
of oatter are nhite or soft or othemise egglike. Rather, he focuses on the 
relational coooonality: naoely, that very large nuobers can coopensate for a 
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Pi qurt Boylt't artalogy: Tht CQason reUtxonal structure for ants ■ovmg 



eggs asd Mind blONxng leaves* 




(a) 



CAUSE 
17 



AND 



COMPARABLE 



MOVE 



1 



air 
particles 



tree 



4 



NUMBER 



NUMBER 
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vffry grtat tizt ditadvantagff , providfd that ptnetration of thf larger by the 
tealler can occur. Under theie circuaitancet, aany stall bodies in aotion can 
carry off a auch larger body. 

The regaining sections provide several additional analogous exaaples of the 
effects of local aotion. Fnr exaaple, in paragraph £31 he cites the exaeple 
of Mind passing through a tree, blotting off leaves and breaking branches. 
Sieilarly, in paragraph [61 Boyle presents the effects of fire on a knife 
blade as an instance of local aotion. He perceives fire as coaposed of aany 
saall particles and explains the aelting of astal in teras of the invasion of 
igneous particles into the aetal , ttith the result that the corpuscles of aetal 
theeselves becoae 'fiercely agitated" and the blade softens. The retaining ttio 
paragraphSi ithich describe *aniaal spirits" and the contraction of rope 
respectively, take analogous points. Boyle observes that although aniaal 
spirits aay be ainute enough to be invisible they are capable of propelling 
large aniaals such as elephants. He describes seeing heap shrink in aoist 
tteather, and states that the "aqueous and other huaid particles, sttiaaing in 
the air, entering the pores of the heap in great nuabers, Mere able to aake it 
shrink, though a tteight of fifty, sixty or even aore pounds of lead »ere tied 
at the end to hinder its contraction..." Table 2 shotfS<the correspcr*£ences 
across Boyle's set of exaaples. 

A striking feature of Boyle's ttriting is the rapid succession of analogies he 
uses. Unlike Carnot, Boyle does not dttell on one pair of exaaples, carefully 
explicating the critical coaaon relational structure. His approach consists 
of presenting his hypothesis, then providing a varied series of instances 
designed to deaonstrate its validity. (Of course, by standards of aodern 
knottledge, not all the coaparisons are equally convincing.) The iaplicit 
aessage is that if all of these phenoaena occur, the aodel that suaaarizes 
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Table 2 

An Overview of Boyle's Series of Analogies 
Concerning Local Motion 



Abstract 
Model 

Smil 
Particles 



Laynan's 
View 
(II 
Dust 



Analogs 



121 
Ants 



131 
Air 
Particles 



151 
Aqueous 
Particles 



161 

Igneous 
Particles 



171 
AniMi 
Spirits 



IBI 

Aqueous 
Corpuscles 



Large 
Bodies 



Large 
Bodies 



Mass 
Of Eggs 



Tree 



Mercury 
Oxide 



Metal 



Animals 



Rope 



Fragnents Fragments Single 
Of Bodies Of Bodies Eggs 



Leaves 



Grains 
Of Oxide 



Metal 

Corpusc a 



Animal 
I Inner 
Parts) 



Rope 
(Inner 
Parts) 
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thtt lutt bt plautiblff. Each Oirigriph contiint an instance of local aotion, 
or contrasts situations in Mhich the principles do or do not apply. There is 
little surface continuity between these exaaples; they relate to one another 
by virtue of their cotaon Abstractions. They can be coapared nith one another 
to reveal an abstract aodel of local aotion. 

Boyle's use of analogy conforas to the aodern standards shonn in Table 1. In 
each of his analogies, the objects are "placed in one-to-one correspondence. 
Object attributes are discarded; as the coaparison with ants reveals, ne are 
not intended to aap the specific characteristics of the base objects into the 
target doaain ,if local eotion. Indeed, the sheer variety of the exaaples 
virtually guarantees that any specific object characteristics Mill cancel out. 
The analogies, in the aodern tradition, are about coaaon relational systeas. 
The complexity of the analogies is not great — they are not as deep as 
Carnot's, for exaaple — but this aay be due in part to the depth of knowledge 
of the topic area. At this early stage in the understanding of matter, Boyle 
siaply wished to establish the coaaon principles that the lotion of aany saall 
particles c^n coabine io produce powerful visible effects and that the 
condition under which this can occur is that the smaller particles be able to 
penetrate the larger aatter. Boyle preserves this systematic set of relations 
throughout these examples* Finally, in spite of the large number of examples, 
there are no mixed analogies nor between-domain relations; each example stands 
on its own as a separate instantiation of the relational structure. 

E.tCMt and Boyle; A summarv. Boyle and Carnot differ somewhat in their use of 
analogy. Carnot used one analogy, explaining it precisely and then going on to 
use the principles in further inferencing. Boyle, in contrast, offers a whole 
family of analogies, one after the other. This difference may have been due 
to the greater depth of domain knowledge that existed in Carnot's time, .^r 
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ptrhapt in part to i difftrfnce in their intelltctual traditi ont. Yet 
despite these differences, Boyle and Carnot are both essentially eodern in 
their vien of what constitutes i sound analogy. 

The Alchetists. He have aoved back in tiee froa Carnot (1796-1832) to Boylp 
(1&27-*1&91}. So far, the analogies i.e have considered confora with our 
concept of a valid use of analogy. Now ne aove back still further, to the 
Mork of the alcheaists, and analyze the foras of siailarity they used in 
asking their predictions. Rather than focusing on a single alcheaist ne Mill 
consider patterns of analogizing froa across the field. 

The practice of alcheay, Mhich existed in one fore or another froa at least 
SOO A.D. (Burckhardt, 1967}, was a doainant force in scientific thought 
through the aiddle of the seventeenth century (Taylor, 1949). The discipline 
Mas based upon the belief that all aatter had one origin, froa which different 
foras h^d evolved. These foras nere only the outer aanif estations of the 
coaaon *soul" and were not iaautable, so that any one substance could be 
converted into another. The goal of aany alcheaists was to verify this theory 
by converting base aetals such as lead into gold or silver, with the help of a 
putative catalyst known as the Philosopher's Stone (Redgrove, .1922). 

Alcheay took as its doaain the spiritual world a5 well as the physical world. 
Its adherents relied heavily on analogies between the spiritual and aaterial 

10. It is teapting to speculate, along the lines of Hesse's (1^66) insightful 
discussion, that at least part of the diHerence m analogical style 
between Carnot and Boyle stces froa differences m intellectual treditior 
among French and English. Hesse notes that French academics were inclined 
to tnini: cf analogy as vague and unsatisfactory, at best a mental c-^utch 
to use until a formal mode! could be devised. In contrast, in the English 
tradition mechanical analogies were valued as scurces of insight, 
especially w;th respect to preserving causation. From this perspective ;t 
is not surprising that Bovle is a more enthusiastic analogirer than 
Carrot . 



- 20 - 

29 



pUntt in dtriving thtir hypothftit. A central belief nai that the 
"purification" of the bate eetalt into gold Mat analogout to the tpiritual 
purification of ean* The retolution of one of thete probleot Mould lead to an 
underttanding of the othert (Redgrove, 1922). Thit 'oacrocote-eicrocofe* 
analogy Mat a foundation of alcheoical thought (Oebut I Hulthauf, 1966), so 
that 'toae sen purtued the renewal and glorification of eatter, guiding 
theatelvet by thit analogy, othert the renewal and glorification af ean, utlng 
the taae analogy (Taylor, 1949, p. 144).' 

The oacrocote-flicrocota analogy ^/at central to a Mide network of 

corretpondencet , in Mhich nearly every tubttance or procedure considered 

ettential to the alcheaitt's craft had one or oore analogs. Thete analogs 

could overlap. For instance, while eetalt syobolized heavenly bodies 

(Burckhardt, 1967), a coabination of tMO oetals could be ^^iewed as a oarriage 

^T^,Ior, 1949). The alcheaists exhibit prolific use of analogy Mhen coipared 

with earlier or later scientists. But the oatches they generated Mere not 

necessarily siailar to analogies we would use. Indeed, Redgrove, Mriting in 

1922 (p. xii) states: 

The alcheoists cast their thifories in a eould entirely fantastic, 
even ridiculous— they drOM unMarrantable analogies— and ^ence 
their views cannot be accepted in these days of oodern science. 

Mhat were the rules that governed the alcheoists' use of analogy? He begin 

with a proflinent faoily of analogies that used as the base doaain the egg or 

the seed, and as the target doaain either (or both) the principles of aatter 

or the cooponents of a huaan being. 

Before considering the analogies theaselves, we need to give a bri*f 
historical suaaary of tite alchejists's notions of the principles of aatter. 

11/ This d:&:u5S;cn is tilcn Urgclv -frcn' Cavcndii^» 1967, pp. 143-180). 
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Battd on tht norkt of Plato and Arittotlt, alchtaical thought postulated that 
thtrt Mat a priaordial lourct of all tarthly aatttr calltd First Natter.*' 
This First Hatter Mas aanifested in a stall nuaber of prisary eleaents 
fire, air, water and earth each of which coebined two of the pria«ry 
qualities — hot, cold, net and dry. For exaeple, as shonn in Table 3 below, 
fire Mae hot and dry, ear nas cold and net, etc. Transautations occurred if 
the proportions of the qualities changed: e.g., fire (hot and dry) could be 
changed into earth (specifically, into ash) by losing its heat. The alcheaists 
Mere particularly interested in transautations of aetals, especially the 
transautation of base aetals into gold. Such a purifying transautation Mould 
not only proaise great Mealth, but convincingly deaonstrat^ thkt ^he art Mas 
true. Therefore the theory of aetals held particular interest. During the 
12th or 13th centuries, aetals Mere generally held to consist of tMO 
coaponentsi aercury, Mhich Mas fiery, active and aale, and sulphur, Mhich Mas 
Matery, passive and feaale. By the sixteenth century, the doainant belief Mas 
that aetals Mere coaposed of three coaponents: for exaeple, the alcheaist 
Paracelsus (1493 1541) proposed a 'tria priaa,' of aercury, sulphur and 
salt, Mhich he held to underlie all aatter* 

The egg. The egg Mas used Midely in analogies. Taken as a Mhole, the egg 
could syabolize the liaitlessness of the universe, or infinity itself, and the 
Philosopher's Stone Mas often called an egg (Cavendish, 1967; Stillaan, 1924). 
The egg could also be divided into coaponents. For exaaple, Stillaan (1?24) 
notes that the shell, skin, Mhite, and yolk of the egg Mere thought to be 
analogous to the four aetals involved in transautation: copper, tin, lead, and 
iron (although no pairings Mere specified betMeen the coaponents and the 

12. Pcylc, m the seventeenth century, «2£ the firet to challenge this 
dcct-ine, 




•ttalt). Stvtral additional corrttpondtnces are apparent in the foUoMing 
pattagt, copitd in 147S. In thit excerptf translated froi Bertholet't (1B87) 
Collection dis Anciins Alchitistes Grtcs, the 'tgg' detcribtd is in fact the 
Philotophtr 't Stonts*' 

Noatnclaturt of tht Egg. Thit it tht ayttery of the art. 

1. It hat bttn taid that tht tgg it coapottd of tht four 
tltatntt, btcautt it it tht iaagt of tht world and containt in 
itttlf tht four titatntt. It it callad alto tht 'ttont which 
cauttt tht aoon to turn,' 'ttont which it not a ttont,' 'ttont of 
tht taglt' and 'brain of alabatttr.' 

2. Tht thtll of tht tgg it an tltatnt likt .tarth, cold and dry; 
it hat. bttn calltd copptr, iron, tin, Itaci. Tht whitt of tht tgg 
it tht wattr divint, tht ytllow of tht tgg it couptrott [tulfatt], 
tht oily portion it firt. 

3. Tht tgg hat bttn calltd tht tatd and itt thtll the tkin; itt 
whitt and itt ytllow tht fltth, itt oily part, the toul, its 
aqutout, tht brtath or tht air. (Stillaan, 1924, pp. 170-171; 
notation in brackttt addtd) 



Thit britf txctrpt illuttrattt tht ttylt of analogizing ditplayed by aany 
alchaaittt. Firtt, tht tgg it coapartd to ttveral different analogs. The utt 
of aultiplt analogt would not in itttlf differentiate thit passagt froa tht 
work of Boylt; howtvtr, thtrt art toae difftrtnctt. Firtt, thtre dott not 
apptar to be a coaaon abttraction acrott tht difftrtnt analogs. The first 
paragraph taps tht 'tgg' firtt onto tht four titatntt and thtn onto a stritt 
of tinglt tntititt (t.g., 'tht ttont which it not a ttont,' the 'brain of 
alabatttr'). In paragrapht 2 and 3, tht coapontntt of the tgg art tuccttsivtly 
coapartd to tht four titatntt of ancitnt Brttk philotophy (tarth, nattr, air, 



13. Although this passage was copied in 1478, its 22:act dutc origin :s 
diHicult to pinpoint. Other manuscripts from this collection are 
believed to hcve eitisted since before the fourth centjr*, in one Ktit or 
anothe- (Stillaan, 1924). 




•ttalt). Stvtral additional corrttpondences are apparent in the follOMing 



patBigt, copied in 1478. In thit excerpt, translated froe Bertholet't (1887) 
CoUictipn dfs Anciins AlehitistiS Sncs, the *egg* described is in fact the 
Philosopher's Stone: 

Noaenclature of the Egg. This is the eystery of the art. 

1. It hat been said that the egg is coaposed of the four 
eleaentt, because it is the iaage of the norld and contains in 
itself the four eleaents. It is called also the "stone nhich 
causes the aoon to turn," 'stone nhich is not a stone," "stone of 
the eagle" and "brain of alabaster." 

2. The shell of the egg is an eleaent like earth, cold and dry; 
it has. been called copper, iron, tin, lea(i. The Mhite of the egg 
it the water divine, the yellow of the egg is couperose [sulfate], 
the oily portion is fire. 

3. The egg has been called the seed and its shell the skin; its 
white and its yellow the flesh, its oily part, the soul, its 
aqueous, the breath or the air. (Stillaan, 1924, pp. 170-171; 
notation in brackets added) 



This brief excerpt illustrates the style of analogizing displayed by aany 
alcheaittt. First, the egg is coapared to several different analogs. The use 
of aultiple analogs would not in itself differentiate this passage froa the 
work of Boyle; however, there are soae differences. First, there does not 
appear to be a coaaon abstraction across the different analogs. The first 
paragraph aaps the "egg" first onto the four eleaents and then onto a series 
of single entities (e.g., 'the stone which is not a stone,' the 'brain of 
alabaster'). In paragraphs 2 and 3, the coaponents of the egg are successively 
coapared to the four eleaents of ancient Sreek philosophy (earth, water, air, 



13. Although this pasfisge was cbpied in 1478, its ?xact d£tc origin is 

difficult ta pinpoint. Other (nanuscripts froir this collection are 

believed to have c:;i£ted since before the fourth ccntjr*, in cnc furrr or 
anothe*^ (EtilUan, 1924). 




and firt),^^ tht Itytrt of § tttd, and tht atptcts of a huaan bting. Thttt 
■ultiplt analogitt ara rathtr difftrtnt froa thott of Boylt. In part this if 
btcautt tht alchtaitt dots not atteapt to dtlineate a conaon structure that 
holds across tht stvtral systtas. 

But a aort striking difftrtnct froa Boyle arists nhtn Mt consider the issue of 
one*to-ont tappings. (It iiill bt r^calltd that ont-to ont corrtspondtnct is 
ont of tht constraints in currant analogizing, and Carnot and Boylt both 
honortd this principlt.) Figurt 4 shons tht objtct corrtspondtncts ustd in tht 
abovt stt of analogits. It is appartnt that achitving ont-to-ont 
corrtspondtnct is not of priaary conctrn. Indttd, tht nuabtr of coapontnts 
involvtd in tht corrtspondtnct varits froa analog to analog. For txaaplt, as 
Figurt 4a shoMS, tht objtct corrtspondtncts for tht analogy bttnttn tht tgg 
and tht four t^tatnts of aatttr art such that tht tltatnt of lir aust tithtr 
bt oaitttd (hard to iaagint, sinct it is cltarly ont of tht four tltatnts of 
aatttr) or tlst plactd in corrtspondtnct nith a prtviously ustd tltatnt of tht 
*B8f yitlding a tapping of four objtcts onto fivt. As Figurt 4b shoMs, tht 
tapping froa tht tgg to tht four divisions of tht sttd (or asptcts of a huaan 
bting) is also not ont-to-ont, sinct both tht nhitt and tht ytUoM parts of 
tht tgg corrtspond to tht fltsh. Thus Figurt 4b shons a 5 4 aapping, nhilt 
Figurt 4a shOMS a 4 — > 5 aapping. 

An attractivt asptct of tht tgg nas that it nas rtcogniztd as soatthing vital 
and as syabolic of a btginning. Any systta that could bt rtlattd to tht tgg 
Mas iabui^d nith a siailar signif icanct. Hhtn suat alchtaists shifttd froa tht 
ancitnt Grttk thtory of four tltatnts to tht theory that thrte "principles" — 

Ifl. Hcwevcr, thit it en unu£wil (pcrhsps a tr <:n£i t : :n:l ) account the 

elements. The elements listed are earth 'or <Tictal-, water, couperose (or 
sulfate^ Lnd fire, with sir not c;:pliCJtlv jnent : cr.cd . 
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QlML.* i< Objiet corrctpondcnc»« in the igg analogy. 



a) EGG 



> FOUR ELEMENTS 



shell 



white 



yellow 
oily portion 



earth (copper, iron, tin, lead) 



-► water 



■► couperose (sulfur?) 



fire 



(air?) 



b) EGG 



♦ SEED 



shell 
white 
yellow 
oily portion 
aqueous 




skin 



flesh 



soul 



breath/air 



• 
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usually dtfintd it sulphur, ttrcury, £nd salt (Cavendish, 1967) coaposed 

all aatttr, at Itast ont alcht^ist (for nhoa arstnic supplanted salt) 

continued to find the egg analogy appealing: 

As an egg is coeposed of three things, the shell, the white, and 
the yolk, so is our Philosophical Egg coeposed of a body, soul, 
and spirit. Yet in truth it is but one thing [one eercurial 
genus], a trinity in unity and unity in trinity Sulphur, 
Nercury, and Arsenic. 

Oienheie 

(Haailton-Jones (ed.), 1960, p. 79} brackets are his) 



In this passage the alcheaist Oienheie suggests a series of parallel analogies 
aeong the egg, the Philosopher's Stone, ean, and eatter and gives the object 
correspondences aeong the (noe three) parts of the egg, the three aspects of 
ean, and the three principles of eatter. Hoeever, he stops short of describing 
the coeeonalities that folloM froe these object correspondences. This passage 
illustrates the eacrocoee-eicrocose analogy i;i alcheeical thought and the 
ieportance of parallels between the eaterial and spiritual planes. It also 
illustrates the elusiveness of alcheeical analogy in that the nature of the 
sieilarity ik never explicated. 



Paracelsus . As a further exaeple of the use of analogy in alcheeical 

w'^iting we present this passage froe Paracelsus (1493 - 1541). Paracelsus 

(Theophrastus Boebastus von Hohenheie) was a leading alcheaist of the 16th 

century and a strong proponent of the value of eepirical observation as 

opposed to received dogea. But despite this pioneering spirit, his use of the 

analogy reeains distinctly different froe eodern usage. Here, he describes how 

gold and silver can be eadie: 

Soee one eay ask, what, then, is the short and easy way whereby 
Sol and Luna eay be eade? The answer is this: After you have 
eade heaven, or the sphere of Saturn, with its life to run over 
the earth, place on it all the planets so that the portion of Luna 
eay be the seallest. Let all run until heaven or Saturn has 
entirely disappeared. Then all those planets will reeain dead 
with their old corruptible bodies, having eeanwhile obtained 
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anothtr nm, perftct and incorruptibi t body. That body it tht 
•pirit of htavtn. Froa it thttt planttt again raceivf a body and 
lift and livt at btfort. Takt thit body froa thf life and tarth. 
Kttp it. It it Sol and Luna. Here you have the Art, clear and 
entire. If you do not underttand it it it nell. It it better 
that it thould be kept concealed and not aade public, (quoted in 
Jaffe, 1976, p. 23) 

Here Sol and Luna (the tun and aoon, retpcctively) tignify gold and tilveri 
and other aetalt in the recipe are represented by the other planett, according 
to a nidely uted tyttea of alcheaical analogiet (tee below). Paraceltut doet 
not detail the object c.irretpondencet between the two doaaint, nor doet he 
explain how an action in one doaain parallelt an actic^n in the other. The 
aappingt and the theoretical batit for the procedure are left unttated. 
Indeed, the actual aetalt being referred to are not always clear. For exaaple, 
to what do 'earth' and 'all thote planets' refer? Does 'heaven, or the sphere 
of Saturn' refer to tin? If so, is tne final 'spirit of heaven' derived froa 
the process also tin? This last seeas iaplausible, since the goal is to 
produce gold and/or silver; yet if the final 'spirit of heaven' is gold or 
silver, then what about the initial 'heaven'? 

This passage, though it exeaplifies the different rules of analogizing aaong 
the alcheaists, also raises questions concerning the reasons for thesir 
differences. Paracelsus aakes it clear in the last sentence that clarity is 
not his intention. The secretive nature of the enterprise, the fact that it 
Mas felt necessary to hide results froa the coaaon public and perhaps froft 
coapetitors, perhaps led to the aabiguity of the writing. Is it possible that 
this aabiguity shielded a set of inforaative analogies? To answer this 
question, we aust look aore closely at the systea of analogies that supported 
this reasoning. 



Ihf sx<itt of cor r ftp on d t n c et • Hetilt held an important pUc« in 
alchtiical intlogiet. At ditcuttfd above, aetals figured in analogies nith the 
principlte of tatter and nith the coaponent parts of a huaan being, and the 
trantautation of base oetals into gold or silver mis felt to be analogous tc 
the spiritual purification of aan. A further set of rich analogies existed 
between petals, planets and colors. The systea of correspondences is given in 
Table 4. (This table and auch of the surrounding explication is based on 
Cavendish's valuable discussion [Cavendish, 1967, p. 263.) 

The perceived iapc^rtance of surface siailarity is evident here. For exaaple, 

the Sun, the aetal Bold^ and the color Gold are linked by a coaaon color, as 

are the Hoony the aetal Silver and the color Hhite. A second aspect of this 

set of correspondences is tnai the coaaonalities shift froa one part of the 

systta to another. For extjple, unlike the two triads Just aentioned, the 

Jupiter/Tin/Blue triad does not share a coaaon color. Instead, Blue, the color 

of royalty; is aatched to Jupiter because Jupiter was lord of the sky. The 

oatch between Jupiter and Tin aay be a color aatch, based on the planet's 

silvery appearance. Thus not only are surface sieilarities iaplicated, but the 

decision as to which particular surface sieilarities figure in the 

correspondences crisinges froe'one part of the systea to another. A further 

point of difference between this systea and aodern systeas of analogies is 

that cross-connections of all kinds enter into the analogies. This excerpt 

froa Cavendish's discussion illustrates the coiplex web of sieilarities that 

underlies the analogies. 

Lead, the darkest and heaviest of the aetals, was naturally 
assigned to Saturn, the diaeest and slowest-aoving planet, which 
trudges heavily through its slow path round the sun. In the old 
cosaology Saturn is the farthest planet froa the sun, the ruler of 
life, and is the lord of death. The analogy between death and 
night was drawn very early. Black is the colour of night and the 
colour invariably associated with death in Mestern countries. 
(Cavendish, 1967, p. 27) 
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Table 4 

The Alchealcal Systea of Correspondences AMng Planets, Metals and Colors 

(froa Cavendish, 1967, p. 26) 



Planets Metals Colors 

Sun Gold Gold, Yellow 

Moon Silver White 

Mercury Quicksilver Grey, Neutral 

Venus Copper Green 

Mars Iron Red 

Jupiter Tin Blue 

Saturn Lead Black 



Af btfort, thtrt if a aarlctd taphaiii on liaiUrity in object attribute!, 
notably color, in deteraining the correepondences. For inatance, Black, Lead 
and Saturn are all linked through the surface attribute "dark". A second 
exaaple of this eaphasis on relatively loM-order inforaation is the fact that 
Lead and Saturn were held to aatch because both are sIom and heavy. In fact, 
the relation between slowness and heaviness is different for the tuo doaains. 
Saturn aoves slowly in its orbit and was therefore thought of as aassive 
Chaavy'). In contrast, lead was known to be a dense ('heavy') aetal. Thus the 
two senses of heaviness (large and aassive versus dense) aatched here are not 
the saaa. Horeover the direction of inference is different for the two 
doaainst lead is heavy and therefore inferred to be slow; Saturn is slow and 
therefore inferred to be heavy. The looseness of the aatches between heaviness 
and slowness in the two doaains did not apparently count against the analogy. 

Still another difference froa aodern usage that stands out here is the extreae 
variety in the types of relations that could justify a given object 
correspondence. For exaaple^ consider the connection between Saturn and Black. 
Saturn is the lord of death; death is (in soae ways) siailar to night; and the 
color of a night sky is Black; further. Blackness syabolites death. Thus at 
least two chains exist between the planet Saturn and the color Black. 

The heterogeneity of aatches that could figure in an analogy here con^.rasts 
sharply with the aodern aesthetic in which only relations that are parallel 
across the doaains count for the analogy. In a aodern analogy we would expect 
identical relations to hold across the systea: that is, we would expect to 
find the 5ite relations holding for each pair: 
HooniMhite :: Sun:6olden :: Jupiter:Blue :s Saturn:Black. 
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In tht alchtaical tyitta thtre it no tuch rtquirtatnt: th« relations that link 
Jupittr and Blut art aliuMtd to bt ccaplttely different froa those that lii'k 
Hoon and Hhite.^* As another instance of relational heterogeneity, consider 
the aatch between Red and Hars. Cavendish (1967, p. 27) notes that it is based 
on several chains of associations: (1) Mars looks Red; (2) Hars tias the god of 
Nar, nar is associated with bloodshedi and blood is Red; (3) faces are painted 
Red in war; (4) Mars held to rule violent energy and activity and Red is 
the color syabolizing energy. Because of these aultiple paths, Hars and Red 
Here held to be analogous. This illustrates hon alcheaists differ froa aodern 
analogizirs with respect to the ""no extraneous relations" rule. In the current 
aesthetic^ ence the parallel set of relations is establishedi other relations 
do not add to the analogy. But for the Alcheaists, finding aore connections 
iaprovftd the correspondence. 

DiscuL^sion 

Thft alcheaists' use of analogy in their writings differed froa that of Boyle 
and Carnot and other aore aodern scientists. In the exaaples we have 
considered it can be seen that the alcheaists violated alaost «very one of six 
precepts for analogical rigor given in Table 1 and recapitulated here: 

1. Objects are placed in one-to-one correspondence. 

2. Relational systeas are preserved and object descriptions disregarded. 

IZ. fjr filtcrnete way of describing the 2lchcffliC2l ee£t^cti: ic ii sc/ that the 
relations m'.clvcd arc C);trc(r,c!v nonspecific: e.g. "assrciatcj 'vith by 
Siff.c pi;tK»' Jr.dcr that dcs:ription» the al:hen.i£t wc-id '^ct tc cjil'.. 
zl-iUing rcljticni betwocr parillc! analogs. Houc.er, this degree 
^'Spc:i n e: t rC'l:tiCP£ ^-i^ild still coretitLtc a nvarled difference 
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3. Syttnaticity is used to select the aost inforaative cosaon relational 
network. 

4. Between-doAain relations do not strengthen an analogy. 

5. Mixed analoo'^.^ are avoided. 

6. Analogy is not causation. 

These disparities seeas to represent a true difference in the style of 
analogical reasoning. Yet before drawing conclusions we aust consider tuo 
other factors that aay have contributed to the differences. First, the 
vagueness inherent in alcheaical analogy eight have steaaed fraa a desire for 
secrecy, as discussed above. Certainly the desire for secrecy played a role in 
the aabiguous quality of alcheaical analogy. In order to prevent layaen froa 
understanding the aysteries of alcheay, its practitioners disguised their 
recipes Mith syabolisa and vagueness, and this undoubtedly contributed to the 
aabiguity of the analogies. But although this explanation is probably correct 
as far as it goes, it Mill not account for all of the facts. In particular, it 
NiU not account for the alcheaists' fondness for correspondences based on (a) 
surface siailarity and (b) aultiple linking paths, for it precisely these 
kinds of correspondences that nould easily ^e guessed by an outsider. For 
exaaple, the connection between the Hoon, the aetal Silver and the color White 
Mould have been easy for an outsider to deduce; and the rich set of relations 
linking Hars and Red aade it unaistakable that the tMO should be placed in 
correspondence, tn aodern analogy the object correspondences are often aore 
difficult to grasp initially, since they are based purely on like roles in the 
aatching relational systea. Coapare Boyle*s analogy betMeen ants aoving a aass 
of eggs and wind stripping the leaves off a tree. Here the object 
correspondences between ants and air particles and ant eggs and leaves are not 




at all obvioui a priorii they an not iuggetted by lurfacr siailarity nor art 
thtrt aultipla patht linking, for exaoplt, air particles and leaves. Thus a 
■odern analogy eay be far harder for a newcoaer to grasp initially than the 
alcheaiiti' analogies. Clearly, not all the disparities betneen alcheeical 
analogy and eodern analogy can be accounted for by the desire to achieve 
secrecy. 

A second and deeper difference betneen alcheeists and eodern scientists is the 
fact that the alcheeists had rather tore coeplex goals. They nere concerned 
Nith understanding both the eaterial and spiritual norlds, and they used 
several fores of aacrocosa-aicrocosa analogies to link the two planes. 
Alcheeists often invested this analogy betMeen the spiritual and eaterial 
planes nith dual-cau'ial poners. A scientist Mho wished to purify a base eetal 
«nto gold aust, they thoughti also purify his spirit. Modern science separates 
personal virtue froa excellence in research, and although this separation has 
its disadvantages it siaplifies the enterprise. To coapound this difference in 
goals, it has been suggested that the alcheaists aay have been relatively eore 
focused on power and control than on knowledge. It is hard to say how auch of 
the apparent disparity in reasoning style eight have steeaed froa these 
different activations. 

Hith the foregoing cautions, we now consider whether the disparities in 
analogizing suggest a genuine difference in reasoning style. Soee of the 
differences — notably violations of precepts 2 (preserve relations rather 

a. However, the penchant icr secrccv ntight h£vc had indirect cHiscts :^ it 
d:5C3uraged croup collatcratien cn the analogies. As jcvd 'l?''?^ pcmts 
cit, cnr striking di^^crcnce between ccientMi: i^ri^io?, ^t"^ l.tc-.^/ 
ir.etaphor as practiced toda> is that ar c:::pl anator \ analogy is considered 
iz tc part the public doftair, sc that it ii iciDJr.on ^or scientists t: 
iitprc'.c or one ar.sthcr's analogies. H nothing else, the alchemical decn'o 
fcr secrecy niust hiivc interfered with this prccetc oi collegial tinkerir.-. 
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than attributffs) and 3 (aii for sytteaaticity) could reasonably be 
attributed to liaple lack of doaain knonledge. Later scientists, such as 
Carnot and Boyle, had the benefit of aore extensive sets of existinr 
principles on which to base their analogies. The alcheaists's use of surface 
siailarity instead of coaaon relational structure could be defended as a 
perfectly reasonable initial assuaption to aake, given the relative lack of 
doaain knowledge. Indeed, there is considerable evidence froa studies of 
analogical developaent (Billon, 1975; Bentner, in presai Btntner I Toupin, 
19B6) and fro^ novice-expert studies in learning physics (Chi, Feltovich I 
Blaser, 1981) that suggests that novice learners judge siailarity by coaaon 
object attributes, nhile later learners judge siailarity by coaiion relational 
structure. Such a bias can br defended on grounds cf cognitive econoay: nhy 
postulate relational coaeopalities if attribute coaaonalties Mill do the job? 
Thus the alcheaists' deviatio«^i on precepts (2) and (3) cannot be taken as 
evidence of a different style of t.iinking, onl*' of a difference in aaount of 
knoMledge. 

Hhen ne turn to ara.ining precepts, the doaain knowledge interpretation is 

less plausible. lY*^ fact that the alch:»aists felt no need for one-to-one 
correspondences, their fondness for betneen-doaain relations and aixed 
analogies, and their propensity to ascribe causal powers to analogy and 
siailarity all seea to point to a true different^ in their sense of the 
iaplicit rules of analogy. Thus the alcheaists.j in atteapting to gam an 
understanding of their world, used a very different set of iaplicit rules froa 
later scientists. Returning to the central question of this paper, we conclude 
that the rules of analogical soundness fire not innate. Csspite the seeaing 
inevitability of the analogical precepts we now use, they are not a necessary 
part of natural logic. 



The ttylt of analogical rfatoning in alcheay and cheiistry seiif to have 
changed betnecn tht tiae of the Paracelcui and that of Boyle (1627*1691). This 
change nai to toae degree doaain-ipecif ic t for true analogies nere used in 
physics and astronoay before they Mere in alcheay and cheaistry. Kepler 
(1571-1630) and 6alileo (1564-1642), each working within about seventy years 
of Paracelsus, were as elegant in their use of analogy as any aodern thinker. 
For exaaple, Kepler, grappling with the notion of action at a distance, 
developed a deep analogy between light and a force he hypothesized to eaanate 
froa the sun. Just as light cannot be apprehended ^s it travels through the 
space, yet produces an effect when it reaches its destination, so eight it be 
with this new force. Galileo used an analogy between the earth and a ship to 
argue that the earth aoves despite the evidence of our senses (see Bentner, 
1982). These analogies are as rigorous and systeaatic as the analogies of 
aodern scientists. This aakes the contrast in analogical style between, say, 
Paracelsus and the later cheaists all the aore striking. It suggests a 
doaain-specif ic progression in alcheay and cheaistry froa one set of iaplicit 
rules governing the practice of analogical reasoning in 1500 to another set in 
1700. (Nhether a siailar evolution occurred in astronoay and physics prior to 
1600 and whether the practice in alcheay was influenced by the aore rigorous 
practice in physics and astronoay are issues beyond the scope of this paper.) 

The evidence reviewed here suggests that analogical rigor at we practice it 
today has not been universal in the history of science. The skilled practice 
of analogical reasoning does not appear to be an innate huaan skill, and 
learning the habit of rigorous analogizing does not appear to be a universal 
achieveaent like learning the graaaar of a language. Yet we do not wish to 

17. Thji ^orcc ii clcarl*, u precursor o4 Newtcn c r':::cn o-f gravity, about 
eighty /cars iate-. 
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takff th« oppotitf positiont that analogy is an esoteric ability avcilable only 
to a f«N. On tht contrary, ne suspect that the ability to see relational 
■atches at least soae of the ti«e is universal. Hhat does not appear to be 
universal is a deaarcation between analogy and other foros of similarity, in 
Mhich a special role and a distinct set of rules are accorded to analogy in 
reasoning. 

Perhaps analogy is tore like eatheeatics than it is like language. If we liken 
the hufian intuitive perception of siailarity to our intuitive ability to 
estieate nueerosity, then possessing the rules of analogical rigor ic like 
possessing the rules of arithaetic. Tht analogy can be pursued further. Just 
as Mhole cultures existed and estimated quantitief without inventing key 
notions of aritheetic (such 9S the idea of a zero) so a people aay use 
sieilarity coefiarisons without developing the notion of a sound analogy. 
Again^ in a pre-eatheeatical society, instances of perfectly correct 
calculation Mill occur interaixtd nith other less reliable kinds of 
estieation. So too with analogy: for exaaple, soae of the alcheaists's 
coaparisons would qualify as sound analogies, though aany would not. But the 
aost iaportant coaKonality is that once a rigorous aethod has been culturally 
codified it is accorded a special role. Strict analogy, like arithaetic, is 
the aethod of choice when correctness is iaportant. Finally, in neither case 
do the foraal aethods totally supplant the prior foras of reasoning. There are 
occasions when rough estiaation is aore appropriate than carrying out 
arithaetic; and there are occasions such as reading poetry — when 
appearance aatches or aixed aetaphors are aore appropriate than strict 
analogy. 
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